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An analysis of the estimated f l y h g  qualit ies of a tailless airplane 
W i t h  t h e  Wfrr@; quarte-chord line swept  back 35' in the Mach rider range 
f r o m  0.40 t o  0.91 has been made, based on tes ta  of 8 model of th i s   a i r -  
plane in tihe Langley high-speed 7- by 10-foot  tunnel. 

The analysis  indicates  longitudinal-control  position  Fnstability a t  
traneanlc epee& but the accompanyhg t r i m  changes are  not large Control- 
position maneuver- s tab i l i ty ,  however, is present  for a l l  speeds. 
Longitudinal and lateral control  appear  adequate,  but the damping of the 
short-period  longitudinal and l a te ra l   osc i l la t ions   a t   h igh   a l t i tudes  is 
poor and would probably r equ i r e   a r t i f i c i a l  damping. 

INTROIXTCTION 

Stabi l i ty  and control t e s t s  of a tailless-type swept-wing airplane 
model have  been canaucted in the Langley high-speed 7- by lO-foot  tunnel 
through the Mach  number range from 0 .hO t o  0.91. The flying qualities 
tha t  might  be expected from such an  airplane have been estimatsd frcm 
these data f o r  assumed wing loadhgs of 24 and 34 pounds per square foot  
a t  sea level and a t  an a l t i tude  of 40,000 f ee t .  -AII conputations are 
based on a center-of-gravitr  position of  17 percent of the mean aero- 
~ J I I ~ C  Chord. 

The estlmatbd  flying  qualities of the  airplane  are  presented in t he  
b o Q  of the paper  and in figures 1 t o  23. A dlscuasicm of the wind- 
tunnel tests is presented in the Appendix and the data are  presented in 
figures 24 to 41. 

The system of  axes employed, together w i t h  an indication of the 
positlve  forces, moments, and angles, fs presented in figure 1. 
Pertinent synibol~ used In this paper are def Fned BB follows : 
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wing  area 

w i n g  mean aerodynamic chord (M.A .C. ) ( E  = $ b /2 
chord, parallel t o  plane of  symmetry 

W h g  span ' 

. .  . .  

a i r   ve loc i ty ,   fee t  per second 

rolling velocity, degrees or  radians  per second 

yawing velocity,  radians per second 

pitching  velociQ,  radians per secand 

a p e d  of sound, feet per second 

Mach nuniber (V/a) 

abBoLute viacoaity, pounds-seconda per square fmt 

ma88 density of air, slugs per cubic %t 

mgle of attack,-masured f r o m  X-axis t o  fuselage  center 
lbe, degrees 

angle of attack of model under no-load  conditione 

control deflection, measured on chord line parallel t o  the 
plane of s", degrees 

angle of yaw, degrees 

" 

P :- 
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angle of sideslip,  radians 

angle of attack of principal  lon&tudinal axis of airplane, 
positive when principal a x i ~  iB above flight path a t  the 
nose, degrees 

angle between fueeelage center line and principal axis of 
inertia,  positive when fuselage center l lne is above 
principal axis, degrees 
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kXO 
radius of gyration in r o l l  about body axes, feet 

k 
yo 

radius of gyration in pitch about body axes, fee t  

radius of gyration in yaw about- body axes, fee t  kz 
0 

I 

Subscripts: 

3 aileran 

2 l e f t  

r right 

The t e s t  model represented a tailless, mept-wing, jet-propelled, 
fighter-type  airplane. Tbe physical  characteristics of the solid-steel 
model w e  presented Fn figure 2, and pictures of the model. mounted on 
the sting-support  system used f o r  this fnve€i+&ation are  presented in 
figure 3. For the portions of analysis for which full-scale airplane 
dimensions were required, a m-del scale of 0.08 was assumed. The control 
surfaceB, which a m  plain f laps  with Healed gaps, are intended to be used 
for both longitudinal. and. lateral control. Rudders were not simulated M 
the model. A i r  flow throw the jet-intake ducts was permitted for all 
tests, and one of the exhaust ports, together with i t s  mirror image, can 
be Been in   f igure 3 (a) 
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The most recent  specification for 8atisfactoz-y fly- qualities 
(reference 1) has been  used as a guide In the present m&.ysis. However, 
inasmuch as the analysis i s  restrfcted t o  the high-epee$ configuration 
without  regard t o  control  forces (no mdel hfnge-moment data were 
obtained) and because much of the Interest centers  about the behavior 
of the airplane a t  speeds above those at which adverse  ccanpressibility 
effects are encountered, no detailed  step-by-step comparison w i t h  the 
specifications haa been attempted. 

The estimated  characteristics of t he   a i r c ra f t   a t  each Mach  number 
are based upon the results of tunnel tests a t  me earns  Mach nmiber but 
a t  the 'test Reynolda number indicated  in figure 4. The full-scale 
Reynolds numbers corresponding t o  flight at sea level and a t  a n  a l t i tude 
of 40,000 f e e t  m e  also shown in figure 4. No attemgt was made t o  
account f o r  Reynolds n&er effecta in interprethg the resulta . It is 
of in te res t  t o  note, however, that a few unpublished tests made with 
transition fixed a t  the  leading edge in order t o  simulate flaw conditions 
a t  high Reynolds n-rmibers were in  good agreemnt w i t h  the basic free- 
transition tests. This indicates that, although * bulk of the data 
was obtaFned w i t h  free transition, the .model data were not  obtained in  a 
c r i t i c a l  range of Reynola n-Lmiber. 4 

IiEsuLTs AND DISCTISSION 

Performance 

Flight  conditions.- The variations  with Plach  number of the lift 
coefficient  required-for  level  f l ight for the various wing loadings and 
altitudes  considered In the analysis are given in figure 5 and the 
corresponding angle-of-attack  variation is given In figure 6 -  Figure 6 
is useful f o r  es t imathg the Fnclination of the principal  axes of iner t ia  
f o r  the different  f l ight  conditions.  It will be  observed that the angle 
of attack f o r  level f l i g h t  at  sea  level   for  the l ighter  wlng loading 
beccanes slightly negative at the highest Mach numbers. This  condition, 
of course, is a result of the s h i f t  in angle of zero lift effected by 
the  deflected  elevator  required  for  balance. 

Lift-drag The variation of the untrbumd  lift-drag  ratios 
a t  the various Mach nmibers as a funct im of the lift coefficient i s  
presented Fn figure 7. It w i l l  be observed that the lift coefficient 
fo r  maximum L/D is essentially independent of Mach nmiber, altho-agh 
the magnitude of the available LID maximum drops- rather  rapidly above 
a Mach  ntmiber of 0.80. The level-fl ight L/b values associated w i t h  
the  trimmed-flight  conditions  defined in figure 5 are  presented in 
flgure 8 The advantagee to be gabed by flying a t  high alt i tude are 
forcefully  i l lustrated by this flgure. 
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L o n g i t u d i n a l  Stabi l i ty  and Control - 
t 

Str ic t ly  speaking the  elevator  deflections for the  various  configu- 
ratione  dlecussed in the following paragrapha are   s l ight ly   in  error (about 
113 of a deg too  much dawn elevatar) because the  data wed i n   t h e  analysis 
were not   corrected  fw' the  amtianal  pitching-moment correction  discussed 
in the appendix.. 

- 

Static  longitudinal  stabil i ty.-  The s ta t ic   longi tudinal   s tabi l i ty  
of the airplane i s  presented i n  figure 9 in   the  form of the  variation of  
the  elevator  position  required for-trim x i t h  Mach number. Control- 
pos i t ion   imtabui ty  is first manifested a t  a Mach amber of 0.90 a t  ,988 
level  and a t  a Mach  number of 0.85 at an a l t i t u d e  of 40,000 feet .  The 
causes of the  control-position  instability  exhibited above these Mach 
numbera are  'traceable t o  the  rapid changes occurring i n  the basic 
untrFmmed pitching-mment  coefficient  (fig.  lO(a)) and to the changes 
in   control   effect ivema  . ( f ig .  IO(b)) The resultant change6 i n  trim, 
however, appear t o  be relatively  gradual and o f  moderate  magnitude, at 
leaat  t o  a Mach number of 0.91, and may not- be objectionable. 

A rigorous evaluation of the  neutral-point  location  center-of- 

) 
( 

gravity  position far which = 0 at these Mach nmbers would indeed 
indicate  that  the  control-fhed  neutral  point moves well ahead of the 
center-of-gravity  position. However, t he   u t i l i t y  of the neutral-point 
conce-pt largely vanishes when irregular and rapid changes In trim occur. 
The desired  Fnfomnatia- on s ta t ic   longi tudinal   s tabi l i ty  appears t o  be 
most directly conveyed through charta like figure 9. 

Maneuvering s tabi l i ty . -  For tailless a i rc raf t  which possess  very 

l i t t l e  damping in pitch,  the  factor very  nearly  defines  the 

stick-fixed "maneuver margin" - the  distance,  expreskf  as a fraction zf 
the  chord, that the  center  of.  gravity is ahead of the maneuver point. 
(The maneuver point is the center-of-gravity  position  for which the  ra te  
of change of control  deflection wTth nmml acceleration  vanishes.) 

(%IM 
The var ia t ian  of  the maneuver-point location  with Mach number is 

presented for several lWt coefficients i n  figure U. It 1s evident 
tha t  the maneuver point"mwes  rearward, i n  general, at  the  higher Mach 
numbers..  However, because of the  nonlinearfties  involved i n  the evalu- 
ation of the maneuver point, its influence can be studied more con- 
veniently In canjunction  with the maluatian of the  effectiveness of  the 
longitudinal.  control. 

Longitudinal-control  effectiveness.- The amount of elevator  control 
required for varioue accelerated-fli t c o n d i t i m  is presented i n  
f+p.-o 12. For flight at sea level 12 (c) and 12 (a) ) , 00 
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about lo D f  elevator is required t o  produce a 6g acceleration a t  a Mach 
nmber of 0.85. The elevator m u s t  always be moved in the desired 
direction, however, as  would be expected  fram the maneuver-point movement 
previously discussed  (fig. Kt.) . !&e minimum degree of stick-position 
maneuvering s t a b i l f t y  that can  be tolerated will &pend on the  associated 
stick-force gradient. A small stick-positicm  gradient, however, may make 
it d i f f i cu l t  to  d e s i s  the control system t o  supply a n  adequate force 
gradient and still keep the. mEtxirmrm control force - for  other  conditions 
within the capabili t ies of the pi lo t .  A t  a l t i tude of 40,000 f ee t  
( f igs .   =(a)  and E ( b ) ) ,  much larger control  deflections are requlred for 
the accelerated-flight  conditians which makes the design of the  ccmtrol 
system even more c r i t i ca l .  

Dynamic s tab i l i ty  .- The characteristics of the stick-fixed  short- 
period  longitudinal  osc.fllatian  are  presented in figures 13 t o  16. The 
computaticms are based on the formulas of  reference 2 and the  appropriate 
parameters in table I. While f t  is desirable that the short-period 
oscil lation be hmged t o  one-tenth  amplitude in me cycle, it is obvioua 
from figure 16 that.thfs t a i l l e s s  design would not meet such a require- 
ment a t   a l t i t u d e .  For the altitude case, it is seen that a n  oscil lation 
of about 4.0 percent of the original amplitude s t i l l  pers i s t s   a f te r  one 
complete oscil lation. A t  sea level, on the other hand, the damping of 
the oscillation  appears t o  be adequate. 

The damping characteristics have been  evaluated for the control- 
fixed  condition although the specifications are baEed upon free cantrole. 
Hawever, if an i r revereible   cmtrol  eystem were used on this airplane, 
the fixed-cantsol  characteristics would dictate the behavior of the 
a i r c ra f t  . - 

Lateral   Stabil i ty and Control 

Lateral   s tabi l i ty  parameters .- Because of the absence of any rudder 
data framwhich trlnmred yawed conditions  could be evaluated,  the  direc- 
t iona l  and lateral s t ab i l i t y  w i l l  be adjudged  fram the s tab i l i ty  parameters 
presented in figure 17. Tn general, the data indicate  adequate  static 
l a t e r a l  s t a b i l i t y .  It w i l l  be  noted, however, that the speed brakes 
decrease the directional  etabil i ty and produce a slight negative dihedral 
effect  negative a t  the  highest Mach nmibers. 

Lateral  control.- The lateral-control  characteristics of m e  air- 
c “13 

plans are  presented in figure l-8 In the form of the  variation  with Mach 

n W e r  of the whg-t ip  h e m  angle pb obtained with various total 

aileron  deflections. The hel ix  angle w a s  cnmputed f’rcan the simple 

relat ion = -5 using the aileron r w - m o m e n t  data presented tn 

2v 
’5 

ZP 
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f igme 34 and the dampin@; characteristics  given In figure 18. The 
damping coefficients were estimated by the method of reference 3.  Some 
unpublished  experimental Czp data indicate  that   for t h i s  w h g  plan 
form the theoretical  values are i n  good  agr?ement with  experimsnt. 

The rate of r o l l  expressed in degrees per second is presented in 
figure 19- Aeroelastic  distortion  effects would  undoubtedly decrease 
the rates of r o l l  from those indicated fn figure 19, but in any event 
the rates of roll should be extremsly h i g h I  It w i l l  be noted that, as  
i n  the case of longitudfaal  control, lateral-control effectiveness  begim 
t o  decrease rapidly at  the  highest Mach numbers. 

It is evident frm the extremely rapid rates of roll possible on 
this   a i rplane that the l imiting  rate of roll will probably be conditioned 
by t h e  p i lo t  'a ab i l i t y  t o  ~ithstanc~ t h e  angular accelerations imposed. 

Dpamlc s tab i l i ty . -  Using the parameters presented in  table I, the 
characterist ics of the control-fixed  lateral  oscillations have been 
evaluated by the method of reference b a n d  are  presented in figures 20 
t o  2 3 .  The values of C z  presented in this   table  are sl ight ly   differ-  
ent  from those given in figure 18, but the ef fec t  of this difference an 
the dpamic  stabil i ty  characterist ics m a  found to  be negligible. 

P 

It w i l l  be noted from figure 2 3  that the damping of the osci l la t ion 
is marginal for  the  sea-level  conditions and is definitely  unsatisfactory 
f o r  the altitude  conditions  according  to the desired damping cr i ter ion 
s e t  forth in reference 1. If' f l i gh t  tests an airplanes of t h i s  type 
subsequently  demonstrate the r e a l  need for   aadi t ianal  damping, the 
s h p l e s t  way to  provide f o r  it would be t o  introduce a r t i f i c i a l  damping 
into t h e  system in t he  form of rudder control coupled t o  a gyroscope . 

senai t ive  to  yaw- velocity as discuesed, f o r  example, In reference 5 .  
- 

A check on 8p i r a l . s t ab i l i t y  wa8 also made fo r  t h e  conditions stated 
in figure 20. It w a ~  found that .spiral ins tab i l i ty  W ~ E I  present a t  a 
Mach nurnber above 0.9, but  the degree of sp i ra l   ins tab i l i ty  was so s l igh t  
that the time required f o r  the angle of- bank to increase 10 percent was 
of the order of I minute a t  an al t i tude of 40,0~1 feet and 4 minutes a t  
sea level.  - 

An analysis of t he  transonic  flying  qualities t o  be expected from 
a tailless airplane  in the Mach numiber range frm 0.40 to 0.91 based on 
a model investigation  Fndicates the following conciueions:. 

1. The airplane would exhibit  longitudinal  control-position 
ins tab i l i ty  at  transonic speeds but the accanpanyhg t r i m  changes a t  
these  speeds  should  not be large. - 
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2 Control-position maneuvering stability would be present at all 
speeds investigated although the control-position gradient may be as 
high as 6g's per degree of elevator deflection at..lm altitudee . 

3 -  The damping of the short-period longitudinal oscillation  at 
high altitudes would be less than desired. 

4. The damping of t he  lateral oscillation at high altitude would be 
very poor and  would probably require artificial damping. 

5 .  LOngitUdFnal and lateral control appear to be  adequate  at all 
epee& investigated. 

Langley Aeronautical Laboratoq 
Natfonal Advisory Ccamnittee for Aeronautics 

Langley A i r  Force Base, Va 
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Tests 
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Scope=- The tes te  covered a Mach nuuiber range of 0.40 t o  0.91 and 
an angle-of-attack  range of Oo t o  loo. Yaw t e s t s  were conducted through 
*bo a t  Oo and 60 angle of attack.  Longitudinal-control  tests were  con- 
ducted for  -4.4O t o  9.5O elevatar  deflection  through the w e - o f - a t t a c k  
and Mach IlLanber range, and aileron-control  tests covered -1.80 t o  18.9O 
deflectfan of the lef ' t -a i leron  thou& the aq ie -o f  -attack and Mach n d e r  
range. The effect of . the fins, capom, and speed brakes on the  longitudinal 
and lateral s tab i l i ty  and control waa also investigated. 

- ." 

" 

" 

Support  syetam. - The model  was supported by a sting  extending fram 
the rear of the  fueelage t o  a vert ical   s t rut   located behind  the model. 
A photograph of the model supported on this ayetam I s  shown in  figure 3(a). 
The tare  forces and mamsnts produced by the  center  sting were determined 
by mounting the model on two w i n g  suppmts which  were also attached to 
the  vertical  a t r u t  anb teetin@; the model  with and without the center sting 
(fig.  3 (b) ) For  wing-alone tes t s   the  method that waa employed t o  obtain 
pitching-mment .tares was found t o  give unreliable  results.   Ckequently,  
no pitching-maanent data  for  the wing alone are  presented  in thils report. 
Angles of attack and yaw were changed by the use of interchangeable 
couplings i n  the stings behind the model. Deflections of the  support 
Bystem under load were determined f r a p n  static-loading  tests. 

Corrections.- The t e s t   r e su l t s  have been corrected for tare forces 
and mcments produced by the support syeterm. However, there are m a l l  
additional  corrections t o  the  pitchingprament and roUingPlament  coefficients 
which have--not  been incorporated i n  the data. These corrections, which 
are inherent in the  balance Bystam, were dete.rnined subsequent t o   t he  
completion of the  present  investigation,  but the data of this paper  can 
be corrected 88 follows: 

corrected 
- 0.003 

. 
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The jet-boundary  corrections t o  the l f f t  and drag were cmputed by 
the method of reference 6. The jet-boundary  correctians t o  other 
components  were conaidered  negligible. - 

The drag has been corrected for the buoyancy produced by the S I I I B ~ ~  
longitudinal  static-pressure gradient in the tunnel. All coefficiente 
and Mach numbers were corrected for blocking by the model and its wake 
by the method of  reference 7. 

The resul ts  of the wind- tunnel tests are presented i n  the following 
figuzes The  pitchin@;-moment coefficients are presented  about a center 
of gravity  located a t  1.7 percent of the mean a e r o m c  chord. 

Bafjic Force Data: Figure 
Longitudinal - " 

Pitch  tests,   effect  of control  deflection, speed brakes, 
fFns, canopy, and wing-alae data . . . . . . . . . . . . .  24, 25, 26 

Lift-curve s l o w  . . . . . . . . . . . . . . . . . . . .  27 

CUrVeS O f  . . . . . . . . . . . . . . . . . . .  28 

Control effectiveness parameter . . . . . . . . . . . . .  29 

Yaw teste ,   effect  of speed  brakes, firm, canupg, and 

L i f t  coefficient of yaw t e s t s  . . . . . . . . . . . . . . .  2 
Lateral-stability  derivatives . . . . . . . . . . . . . .  33 
Lateral-control tests . . . . . . . . . . . . . . . . . .  34 
Effect of afleron  deflection an drag . . . . . . . . . .  3s 
Effect of fins on aileron  effectivenese . . . . . . . . .  36 

Lateral - 
wing-alone data . . . . . . . . . . . . . . . . . . .  30, 31  

Miscellaneous Data: 
T u f t  studies of flow over w h g  . . . . . . . . . . . . . .  37 
Speed-brake conf iguratians - 

Draw- of fuaelage b m k e ~  . . . . . . . . . . . . . . .  38 
Tuft studies . . . . . . . . . . . . . . . . . . . . . .  39 
Effect on lift, drag, and pitching moment . . . . . . . .  40 
Drag Increments . . . . . . . . . . . . . . . . . . . . .  4 1  

- 

Longitudinal s tabi l i tg  and control.- The aeradynamlc characterist ics 
i n  pitch of the model and various components are  presented i n  figures 24, 

was installed in  the  right  duct to  measure the flaw durFng tests. The 
inlet-velocity ratios measured we- smal l  ccanpared to  those which night 
be  expected in flightj however, calculations have indicated that only a 
s1.1~11 pitch- .moment resul ts  from t;urnhg the e t  a i r  through the 
angle of at tack a t  . a e  duct i n l e t .  - 

25, and 26. For these  tests a cluster  of s t a t i c  and total head tubes 
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V i s u a l  observation  of 'tufts inaicated no external flow separation 
from the duct irileta a t  any Mach nuniber a t  low angles of attack. ' A t  the 
highest  angle of attack, however, a local  separation f r a  the upper 
surface of the duct l i p  wae observed at-Mach nwnbers as  law a8 0.45 

" 

( f ig .  37) 

The .elevator  effectiveness parameter C q  (fig.   10(b)) was deter- 
mined from cross  plots of the data fram figure 24 and is  defined as the. 
slope of the pitching-moment coefficient  plotted  against  elevator- 
deflection  curve a t  zero elevator  deflection. The pitching-moment coeffi- 
c ient  waa found t o  vary linearly w i t h  deflection through the deflection 
range a t  the lower Mach numbers. A t  Large def l ec t ioq  the effectiveness 
w a ~  samewhat reduced a t  the higher Mach nmbers. 

The effectiveness parameter ( f ig .  29) is based .on 

data obtained fram elevator  deflections 0' and - 4 & O  anly .  
Lateral   s tabi l i ty . -  The variation of la teral-s tabi l i ty   character is t ics  

with Mack  number ( m t a t i c  = Oo and 6 O )  for  several configurations  of  the 
model are  presented in figures 30 and 31. During the test rum in which 
these data w e r e  obtained,  the l i f t  coefficient  varied  as  indicated by the 
curves in figure 32.. The angle-of-attack change frm the wind-off s t a t i c  
values  (%%tic = 0' and 6O) was cawed by the  deflection of the support 
system under aerodynamic load and is indicated by the values of the 
actual  angle of at tack ,sham in figure 32. 

Lateral control.- Most of the test results presented  are  for  the 
complete model configuration  consisting of the wing, fuselage, canopy, 
and ver t ica l  tails (fig8 34 and 35) . Several tests, however, were made 
with  the  vertical tails removed ( f ig .  36) and these data are  uncorrected 
f o r  the small changes Fn angle of attack of the modal caused by deflection 
of the st%-support system. The data, however, c a n  be ccanpared with 
those of figure 34 inasmuch as the lateral  characterist ics are not 
particularly  sensitive  to  angle of a t t a c k i n  this range 

It is of in te res t  to note that a t  low angles of attack there is  an 
appreciable  favorable yawing m n t  accompanying the large  negative 
a i l e ron   de f l ec t ions   a t   a l l  Mach numbers and that this yawing moment 
decreases w i t h  increase of angle of attack. A at- of the data Fndicatee 
tha t  t h i a  favorable yawing mament ie at t r ibutable   to  the side  force on 
the ver t ica l  fins induced by the deflected  aileron. The decrease i n  
yawing moment with increase' in angle of attack. is probably  caused by the 
variation  with angle af attack of the  incremental-drag  coefficient 
produced by the aileron. (See f i g .  35.)  

Speed-brake modificatiom.- Tuft studies of the flaw over the model 
w i t h  the o r i g h a l  speed brakes (fig.  39(a))  indicated bad separation of 
the f l o w  over the ver t ica l  fins, particularly the  inboard  surface, over 

" 
" 

. . .  

m 

I 
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most of the Mach nuniber range. In ef for t  t o  improve this  condition, 
other speed-brake cmfigurat iom  (f ig  38) were tested. On the basis of 
these tuft observatiom  (figs 39(11), 39(c) ,  and 3 ( d )  ) , it appeared 
that a l l  the mdificatians tested e l k l n a t e d  the poor flow conditions 
evident a t  the vert ical  f in w i t h  the  original configuration. 

The effect  of these speed-brake configurations on the aerodynamic 
characterist ics in pltch is presented in figure 40 f o r  a s t a t i c  angle 
of attack of 1.8’ The variation of the drag  increments (ED), produced 
by the various  speed brakes, with Mach  number is presented i n  figure 41. 
It is evident f r o m  these data that the modified w i n g  brakee produced 
considerably  larger  drag  Fncremnts than the fuselage brakes. 
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1 Anon. : Specification f o r  Flying. Qualities of Piloted  Airylanes . 
NAVAIER SR-W, B u r .  Aero ., June 1, 1948. 

2 .  Greenberg, Harry, and S-@?gield, Leonard: A Theoretical  lnvestlgation 
of Longitudinal  Stability of Airplanes w i t h  Free Controls  Including 
Effect of Friction Fn Control Sys tem.  NACA Rep. No. 791, 1944. 
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Figure 1.- System of axes and control-surface deflections. Positive 
values of forces, moments, and angles are indicated by Eccrows. 
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